Microelectrode arrays (MEAs) are very powerful sensor devices for the non-invasive measurement of extracellular field potentials from excited cells. In this study, new types of interfaces were developed on MEAs by exploiting the electrochemical polymerization of conducting polymers with biomolecules. The composite films were composed of poly(3,4-ethylenedioxythiophen) (PEDOT) and anionic polysaccharide (gellan gum). The PEDOT/biomolecule composite films had no cytotoxic effect, and reduced the electrode impedance at 1 kHz to 8.84 + 0.50 kΩ. This biointerface enabled us to record extracellular field potentials derived from the spontaneous beating of cardiomyocytes.
Introduction
Research in the bioelectronics field is aimed at the development of new evolutional devices such as biosensors and diagnostic devices using biocomponents (for example, DNA, proteins, and cells); it is crucial that optimal interfaces between the biocomponents and the devices are developed. Microelectrode arrays (MEAs)-to date, one of the most successfully applied bioelectronic devices-consist of many micrometer-scale electrodes arrayed on a glass substrate. 1 When cells are cultured on MEAs, the electrical recording of signals from the cells and the application of electrical stimuli to the cells can be achieved easily via the electrodes. In particular, MEAs enable the non-invasive recording of electrical signals induced in the cells, reflecting dynamic changes in electrophysiological cellular phenomena. These attributes have made MEAs an essential tool for the elucidation of electric transduction in cells and tissue slices in the field of neuroscientific biology. 2, 3 It is expected that the recent combination of MEAs and human cardiomyocytes differentiated from ES/iPS cells will facilitate cardio-toxicological testing for non-cardiovascular drugs in the pharmaceutical field, replacing tests using cell lines, or animals. [4] [5] [6] [7] Although photolithographic technologies allow the facile fabrication of high-density metallic microelectrodes, the impedance of each electrode increases as the size of the electrodes is scaled down. It is well known that electrodes with large impedances significantly lower the signal quality, and are thus not suitable for recording extracellular field potentials. 8, 9 Many methods for reducing the impedance of metallic microelectrodes achieve this by increasing the area of contact between the electrode and the electrolyte; these methods are described in detail in the literature. 10, 11 Platinum-black films are frequently electrochemically deposited on electrodes to reduce the impedance, and such electrodes are used in commercially available MEAs. 12 Recently, nano-structuring strategies (producing structures such as nano-flakes, nano-grains, and fuzzy gold) were applied to enhance the mechanical stability of electrodes. 10, 11 As an alternative to metallic electrodes, conducting polymers have also been used in MEAs, to enhance the biocompatibility of the interface between the electrodes and the cells. Polypyrrole (PPy) and poly(3,4-ethylenediocythiophene) (PEDOT) are examples of conducting polymers that have been applied in MEAs. 13, 14 PEDOT has excellent ionic conductivity, and is more electrochemically stable than PPy in aqueous environments; PEDOT has therefore been studied as a coating material for MEAs. 15 For MEA applications, PEDOT is deposited on each electrode via electrochemical polymerization of its monomer, 3,4-ethylenediocythiophene (EDOT). When PEDOT is synthesized electrochemically, the type of counter ion crucially affects the electric properties of PEDOT films. It is well known that the use of polystyrene sulphonate (PSS) as a dopant for PEDOT improves the electrical conductivity. 16 Some researchers have applied anionic biomolecules as dopants for conducting polymers to create more biocompatible interfaces; such biomolecules include heparin, hyaluronic acid, dextran, fibrinogen, polysaccharide, and peptides. [17] [18] [19] [20] The more biocompatible interfaces can be used as potential to culture cells in-vitro without loss of functions in-vivo. However, few studies have applied PEDOT/ biomolecule composite films in in-vitro MEAs.
In this study, heparin, hyaluronic acid, and gellan gum were chosen as dopants for PEDOT, and the optimal conditions for the preparation of composite films on in-vitro MEAs were determined. Electrical signals derived from cardiomyocytes isolated from chickens were recorded, to demonstrate the use of this PEDOT/ biomolecule-modified MEA.
Experimental

Microelectrode arrays and pretreatment of gold electrodes
MEAs consisting of a square array of 8 © 8 gold electrodes (50 µm © 50 µm square electrode, 300 µm array pitch) were obtained from Alpha MED Scientific Inc. (Osaka, Japan). A glass ring (T 25 mm, 5 mm height) was adhered on the center of the MEA using silicone rubber (KE-45, Shin-Etsu Chemical Co. Ltd.; Tokyo, Japan), to contain solutions such as cell culture medium, aqueous electrolytes, and electrochemical polymerization solutions.
The surfaces of the gold electrodes were derivatized with -NH 2 , -CH 3 , -OH, or -COOH, using the following procedure: the MEAs were treated with UV/ozone (UV253, Filgen, Inc.; Nagoya, Japan) for 20 min, and then soaked in a 0.2% (w/v) thiol in dried ethanol solution for 12 h. The following thiol chemicals were purchased from Dojindo Laboratories (Kumamoto, Japan): 6-Amino-1-hexanethiol, 6-Hydroxy-1-hexanethiol, 5-Carboxy-1-pentanethiol, and 1-Heptanthiol. The treated MEAs were washed with MilliQ water (Merck Millipore Corp.; Darmstadt, Germany) five times, and dried with nitrogen gas.
Electrochemical polymerization and characterization of
the modified electrodes All electrochemical experiments were performed using a threeelectrode system controlled by a commercially available potentiostat (ALS660A, BAS Inc.; Tokyo, Japan). The reference electrode was an Ag/AgCl electrode, the counter electrode was a platinum wire electrode, and the working electrode was one of the 64 gold electrodes on the MEA. EDOT (Sigma-Aldrich; St. Louis, MO, USA) was dissolved in a 100 mM LiClO 4 aqueous solution at a concentration of 10 mM, via ultrasonication (in a sonication bath) for at least 20 min. From this solution, four dopant solutions with 10 mM EDOT were prepared, with 3 mg/mL PSS (Sigma-Aldrich), 0.5 mg/mL hyaluronic acid (Wako Pure Chemical Industries Ltd.; Osaka, Japan), 5 mg/mL heparin (Wako Pure Chemicals), and 0.1% gellan gum (Kelcogel CG-LA, Sansho Co. Ltd.; Osaka, Japan).
The impedance of the electrodes coated with PEDOT/biomolecule composite films was measured in the frequency range from 10 Hz to 50 kHz, using an LCR meter (ZM2371, NF Corp.; Yokohama, Japan) with a sinusoidal measurement signal, after the MEA substrates were covered with phosphate buffered saline (pH 7.4, PBS).
Cell culture and extracellular potential measurement
Cardiomyocytes were taken from the hearts of E10-E13 embryonic chickens (Shimizu Laboratory Supplies Co. Ltd., Kyoto, Japan). A protocol described in the literature was followed for the dissociation procedure and the composition of the medium. 21 The isolated cardiomyocytes were dispersed in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 3% fetal bovine serum, and antibiotics (Penicillin/Streptomycin). MEAs coated with PEDOT/gellan gum were sterilized using the following procedure; washing three times with sterile water, immersion in a 70% aqueous solution of ethanol for 15 min, washing three times with sterile water again, drying with nitrogen gas, and irradiation under a UV lamp for 15 min under clean air. A cellulose nitrate solution was prepared by dissolving cellulose nitrate membrane (GE Healthcare; Little Chalfont, UK.) in methanol at a concentration of 90 µg/mL. Five microliters of the solution was poured onto an MEA and left for 30 min after a polydimethylsiloxane (PDMS) ring (i.d. 6 mm, o.d. 10 mm, thickness 1 mm, sterilized via sonication in a 70% aqueous solution of ethanol for 10 min) was mounted on the center of the sterile MEA. The cardiomyocytes were then seeded on the MEA at 8 © 10 3 cells/mm 2 , and cultured at 37°C in 5% CO 2 . The medium was changed every two days.
Extracellular field potential measurements
The field potential measurements were performed using an MED64 system (Alpha Med Scientific), following previously reported procedures and using the following conditions: the highpass filter was 1 Hz, the low-pass filter was 3.5 kHz, and data was sampled at 20 kHz. 22 
Results and Discussion
Electrochemical polymerization of PEDOT/biomolecule
composite films on MEAs The electrochemical polymerization of EDOT in aqueous solutions has been investigated previously, 23 and it is well known that the type of dopant used and the potential for polymerization crucially affects the electric conductivity of PEDOT films. 24, 25 The effect of adding biopolymers as a dopant was studied using linear sweep voltammetry (LSV) (Fig. 1A) . Without any biomolecule dopant, two oxidation peaks were observed, at 1.05 and 1.3 V vs. Ag/AgCl. These results were very similar to those reported previously; the second peak was attributed to the overoxidation of the PEDOT deposited on the gold electrode, which led to a decrease in the electrical conductivity. 25 The first oxidation peaks were poorly resolved, and had no dependence on dopant. The second oxidation peak was observed at 1.3 and 1.22 V vs. Ag/AgCl, respectively, for group A (w/o dopant, hyaluronic acid, or gellan gum) and group B (PSS or heparin). Similar results were reported previously; 19 in particular, the oxidation peak for PSS was more negative than that measured for hyaluronic acid or gellan gum, and this negative shift of the oxidation peak was attributed to strong interactions between the EDOT +• cation radical, which was produced via the oxidation of EDOT, and anion molecules. These results suggested that PSS and heparin might have interacted strongly with the EDOT, thus decreasing the potential of oxidation. Taking these influencing factors into account, to ensure the effective polymerization of EDOT and prevent the overoxidation of PEDOT it was determined that the polymerization potential should be higher than the starting oxidation potential (which was approximately 0.95 V vs Ag/AgCl) and lower than the overoxidation potential (which was 1.2 V vs. Ag/AgCl). In subsequent experiments, therefore, the applied potential for electrochemical polymerization was set at 1.0 V vs Ag/AgCl.
The EDOT/biomolecule composite films were grown electrochemically on an MEA gold electrode (50 µm square) at 1.0 V vs. Ag/AgCl for 10 min, to avoid overoxidation of the PEDOT. The impedance of all of the conducting polymer-coated electrodes was markedly lower than the impedance of a bare gold electrode, as shown in Fig. 1B . This phenomenon is expected to due to the significantly increasing of the effective surface with the formation of conducting polymer film. 16 For the electrodes coated with PEDOT/ gellan gum, the magnitude of the impedance at 1 kHz (which is an important parameter for detecting the field potential of cells such as nerve cells and cardiomyocytes) was 6.13 k³, whereas the value for bare gold electrodes was approximately 120 k³. This impedance was low enough to allow the electric activity of cells to be recorded without influence from any hum noise. 16 The effect of varying the gellan gum concentration and the time of polymerization on the impedance of the polymer electrodes was studied (Fig. 1C) . Although the magnitude of the electrode impedance decreased with increases in the concentration of gellan gum, up to a concentration of 0.1%, the electrode impedance increased dramatically at 1%. Because the charges for electrochemical polymerization were almost the same (from 0.42 to 0.47 mC/electrode) at each concentration, the use of a higher concentration of gellan gum did not prevent the polymerization of PEDOT, but affected the morphology of the PEDOT-LiClO 4 films such as ensuring electric conductivity of PEDOT/PSS with diethylene glycol. 26 Figure 1D shows microscopic images of PEDOT/gellan gum composite films polymerized electrochemically for various times (1, 3, 5, 8 , and 10 min). Increasing the polymerization time increased the expanse of the square geometry, with larger lateral areas. For example, the projected areas at 5 min and 10 min were 2.4 times and 3.9 times the original electrode area (2500 µm 2 ), respectively, which led to a reduction in the signal to noise ratio of the field potential induced by the excitation of cells.
Electrochemistry
To suppress the lateral growth of the composite film, the gold electrodes were treated with SAMs. After four types of SAMs were used to modify the surface of the gold electrode with NH 2 , CH 3 , OH, or COOH, PEDOT was electrochemically deposited on the modified electrodes at 1.0 V vs. Ag/AgCl with 0.1% gellan gum for five min (Fig. 2A) . The use of NH 2 -treated electrodes resulted in the detachment of the composite films from the electrode surface, likely because of the electrostatic repulsion between EDOT +• cations and NH 3 + on the electrode. CH 3 /gold electrodes did not adhere well with the PEDOT/gellan gum composite film. In contrast, the films grown on electrodes modified with OH or COOH adhered tightly, and the gain in projected area was 1.37 « 0.08 and 1.31 « 0.04 times, respectively. The magnitude of the impedances at 1 kHz was 10.3 « 0.85 k³ and 8.84 « 0.50 k³, respectively, which were similar to that measured for the PEDOT/gellan gum on the nontreated electrode (7.86 « 1.58 k³, Fig. 2B ). The magnitude of impedance under the condition of five min polymerization was low enough to detect extracellular field potential. 16 Since COOH modification led smaller size and lower impedance than OH modification, the pretreatment with COOH was effective in creating an interface between electrodes and cells for the recording of field potentials. The optimal conditions for the preparation of MEA electrodes were determined based on these results, as follows: EDOT was electrochemically polymerized on COOH treated electrodes using 0.1% (w/v) gellan gum, at 1.0 V vs. Ag/AgCl, for five min.
Recording of spontaneous activity
Chicken cardiomyocytes were seeded at 8 © 10 3 cells/mm 2 on the PEDOT/gellan gum-coated MEA and cultured for 4 days (Fig. 3A) . After 4 days, the cardiomyocytes were stained with calcein-AM and propidium iodide (PI), to check the cytotoxicity of the MEA. It was confirmed that the PEDOT/gellan gum/COOH (Fig. 3B and 3C ). The resulting wave form was very similar to those shown in previous reports, and it comprised a sharp transient spike associated with Na + influx and membrane depolarization, a shallower ramp associated with Ca 2+ influx, and, finally, a repolarization corresponding to K + efflux. 6 Inter-spike intervals (ISI) corresponding to the beating period were observed as intervals between the sharp Na + spikes, and the field potential duration (FPD) was defined as the interval from the first Na + spike to the maximum in the K + repolarization wave. It has been shown via in-vitro patch clamp analysis that the FPD is correlated with the action potential duration (APD). In this study, the ISI and FPD were 580 ms (the beating frequency was 1.7 Hz) and 140 ms, respectively, in good agreement with Egert's results (in which the ISI was 600 ms and the FPD was 220 ms). 21 These results indicated that the new biointerface reported here holds significant promise for the transduction of electric signals from cells to gold electrodes, without affecting cell viabilities.
Conclusion
In this study, the modification of electrode surfaces with anionic functional groups (OH or COOH) enabled the regulation of the area of conducting polymers fabricated via the electrochemical polymerization of PEDOT with gellan gum. This modification reduced the electrode impedance to 8.84 « 0.50 k³, and enabled the recording of field potentials derived from the spontaneous beating of chicken cardiomyocytes. It is expected that the PEDOT/gellan gum composite films described here will provide the interface for implantable electrodes for the long-term recording of such field potentials. Electrochemistry, 84(5), 354-357 (2016) 
